Abstract-A rigorous formulation in the spectral domain is used to investigate the radiation from unterminated traces printed on a circuit board in the frequency range from 30 MHz to 1 GHz. Both the effect of coupling among adjacent traces on the resonant frequencies, and the shielding effectiveness of metallic coating on the plastic cover are analyzed. It is found that the radiation around resonant frequencies is critical to comply with the FCC specifications, and an appropriate coating can resolve the problem.
I. INTRODUCTION HE Federal Communications Commission (FCC) regula-
T tions for class-B computing devices require that radiated emission at 3 m from the products have to be below a specified limit in the frequency range from 30 MHz to 1 GHz [I] . One way to avoid radiated emission is to route all the signal lines in between two ground planes. However, for more complicated circuit designs, the signal lines are routed not only in between but are also outside of the two ground planes because the number of signal lines exceeds the capacity available between two ground planes. The signal lines outside of the ground planes contribute to the radiation.
The radiation characteristics of microstrip antennas have been widely studied mainly for applications in communications [2] - [5] . However, they are scarcely considered for the printed traces on the circuit boards used in class-B computing devices in the frequency range from 30 MHz to 1 GHz. Understanding radiation properties in this frequency range is necessary to have the circuit board design comply with FCC specifications.
A metallic coating on the plastic cover has been used to shield radiation from computing devices to the neighboring equipments. However, little information is available about its effectiveness. In [6] , the shielding effectiveness of a metallic coating is studied. A plane wave of normal incidence is assumed, and the shielding effectiveness is a function of the material properties only. In [7] , the radiating sources of high-impedance and low-impedance nature are also considered. However, the results cannot be used to study the radiation from printed traces on the circuit boards in which the structure is more complicated.
In this paper, we try to understand the radiation characteristics of unterminated traces printed on a circuit board. The properties of drivers and loads are not considered here. Instead, we focus on the occurrence of resonances and the shielding effectiveness of coating. First, we use a spectral domain approach to formulate the problem of printed traces radiating in a stratified medium. The substrate, plastic cover, and metallic coating are all considered to be layers of the stratified medium. A set of coupled integral equations are obtained by imposing the boundary condition. The surface currents on the traces are represented by a set of rooftop basis functions [8]. The Galerkin's method [9] is then used to solve the integral equation for the current distribution. The radiation field can be obtained by using the stationary phase integration method [lo] . The effects of geometrical parameters and material properties are also investigated.
MATHEMATICAL FORMULATION
The geometrical configuration of printed traces on a circuit board with cover and coating is shown in Fig. 1 , where there are N parallel traces embedded in layer ( m ) of a general stratified medium consisting of ( n + 1) layers. The stratification is perpendicular to the z axis, and the conductivity, dielectric constant, and thickness of layer (m) are U,, E , , and h,, respectively. All the traces are assumed to be along the y direction, and the width and length of the nth trace are w,, and L,, respectively. The electric field in (1) satisfies all the boundary conditions at the interfaces between adjacent layers. We impose the remaining boundary condition that the total tangential electric field vanishes on the surface of the traces, assuming that the traces are made of perfect conductor. Thus, we obtain the following coupled integral equations:
-E'(r)] = 0 , yon A , , 1 ~n I N (5) where E(?) is the electric field generated by the surface current on the traces, A_, is the surface of the nth trace with normal vector A, and E'( 7) is the electric field generated by the driving sources that are assumed to be delta gap voltage sources. The electric field generated at the jth delta gap is where vj is the amplitude of the jth delta gap voltage source with center coordinate ( x o j , y o j , zo,), and p ( j ) is the index of the trace where the jth delta gap is located.
NUMERICAL SOLUTION
In this paper, we consider straight traces with open termination on general circuit boards, where the length of traces is much longer than the width. Hence, the transversal surface current is much smaller than the longitudinal one and can be neglected. To solve (5), we first choose a set of rooftop basis functions [8] to represent the surface current as =PC a n j Q ( X -x , t w , ) P (~-~n j , l n ) , 1 1 Next, we take the Fourier transform of (7), substitute it into (3) by making use of (4), and then impose the boundary condition (5). Galerkin's method is then applied to solve the coupled integral equations to obtain the following matrix equation:
where Trk = 2x, + j y r k , 7 , ; = 2xJ + j y n j , and Ne is the number of delta -_ gaps, and gy, (ks, z,,, z,,,) is the y y component of g ( k , , z,,, z,,) . p ( i ) and q ( i ) are the indices of the trace and the basis on which the ith delta gap is located. The even/odd parity of the Fourier transform of the basis functions and the Green's function with respect to k , = 0 and k y = 0 is utilized to reduce CPU time in computing the double integral in (12).
IV. RADIATION FIELDS
The radiation electric field in region (0) can be calculated by using (1) In Fig. 3(a) , we present the magnitude of current moment on a trace as a function of frequency. The current moment on trace n is defined as E, = //AndxdyJi")(Fs) (20)
where J:')(")(Fs) is the current distribution on trace n. In general, the magnitude increases with frequency. At the resonant frequency, the magnitude increases by more than two orders. The width of the trace is much shorter than the length but is comparable to the substrate thickness. The frequencies where resonances occur are basically determined by the trace length.
The magnitude of current moment is chosen mainly to demonstrate the occurrence of resonances. When the trace length is smaller than half a wavelength, the radiation field increases as the magnitude of current moment increases. Here, the wavelength means the wavelength of the dominant mode along the direction of the printed trace as if the trace is of infinite length.
The input resistance and reactance of the same structure are shown in Fig. 3(b) and (c), respectively. It is found that the input resistance is negligibly small below the resonant frequency and possesses a peak around 940 MHz. The input reactance is much larger than the input resistance below the resonant frequency, and reduces to zero around the resonant frequency. The input reactance switches from a large negative number to a large positive number around 940 MHz, which is typical of a thin antenna. This implies that the trace behaves like a capacitor at low frequencies with little radiation and behaves like an antenna around resonant frequency.
The radiation field patterns on the E plane ( Y Z plane) and the H plane (XZ plane) are shown in Fig. 3(d) . It is observed that at low frequencies, the strength of radiation is below the FCC specification, but around the resonant frequency, the radiation strength is far beyond the specification.
Next, we study the coupling effect between two identical traces that are parallel to each other. In Fig. 4 , the magnitude of current moment for both the common and differential modes are displayed as a function of frequency. Here, ci is the transversal center coordinate of the ith trace. The common (differential) mode is defined as the mode driven by two sources that are in (out of) phase.
The resonant frequency of the common mode is different from that of the differential mode. It has been found that the radiation from a common mode is much stronger than that from a differential mode [ 121, especially in the low frequency range. However, the situation is reversed near the resonant frequency of the differential mode.
In Fig. 5 , we present the magnitude of current moment on three coupled traces. In Fig. 5(a) and (b) , the driving source is located on the second trace, and two even resonant modes are excited near 810 and 890 MHz. The magnitude of current moment on the third trace is the same as that on the first trace due to symmetry, hence, it is not displayed. In Fig. 5(c) , the driving source is located on the first trace, and another resonant frequency of the odd mode is observed around 880 MHz.
. 
through (20).
Next, we calculate the magnitude of current moment on four coupled traces by applying an even and an odd arrangement of driving sources, respectively. In both cases, resonances occur between 700 and 900 MHz. Hence, we present only the results in this frequency range.
In Fig. 6(a) , two even resonant modes are observed around 800 and 890 MHz. In Fig. 6(b) , two odd resonant modes are observed around 870 and 890 MHz. The resonant frequencies of all these four modes are different from that of a single trace driven by the same delta gap voltage source.
Next, the effects of plastic cover and metallic coating are investigated. In Fig. 7 , we present the field patterns calculated at a distance of 3m at f = 30 and 850 MHz, respectively. The metallic coating is made of copper. It is observed that as the frequency increases, the shielding becomes more effective because the electric thickness of the metallic shield increases, especially at higher frequencies.
As the coating thickness increases, the magnitude of E@ on the H plane decreases, and the patterns are roughly the same. The magnitude of E, on the E plane reduces significantly around the z direction as the coating thickness is increased. However, the reduction is not as obvious as the angle 0 is increased. This can be explained as follows: The current on the trace induces electric current inside the metallic coating. The field generated by the induced current cancels a significant portion of the field generated by the trace in the broadside directions, but the cancellation is less effective around the axial direction of the trace. Similar behaviors are observed with a zinc coating, except that the magnitude of the field is larger than that with the copper coating. This is because the conductivity of zinc is smaller than that of copper.
To summarize the usefulness of the metallic coating, we define the shielding effectiveness (SE) in terms of the maxi----- The shielding effectiveness in [6] is defined as the ratio of field magnitude at the same location before and after the shield is inserted. Since the plane wave of normal incidence is assumed, there is no need to consider the location of maximum field strength. However, in our cases of interest, the field pattern changes before and after the shield is inserted, and the FCC specification is imposed on the maximum field strength in any possible direction. Hence, it is appropriate to use the definition in (21).
In Fig. 8 , we present the shielding effectiveness of metallic coating with three different thicknesses and two different conductivities. It is observed that the shielding effectiveness increases with increasing frequency, conductivity, or physical thickness. In Fig. 9(a) and (b) , we present the field patterns of two identical traces driven by two delta gap voltage sources with the same and opposite phase, respectively. It is shown that the effect of the cover alone is very small. In the presence of coating, the maximum field strength occurs around the horizontal directions. Note that with metallic coating, the maximum field strength occurs in the plane of The shielding effectiveness with both the even and odd driving source arrangements are shown in Fig. 10 . It is found that the shielding effectiveness basically depends on the prop-* erties of the shield and is relatively independent of the driving source arrangements.
VI. CONCLUSIONS
A rigorous formulation in the spectral domain is used to investigate the radiation characteristics of coupled unterminated traces in the presence of the plastic cover and coating. The resonant frequencies with different numbers of traces are analyzed. It is found that unterminated traces generate strong radiation around the resonant frequencies. The shielding effectiveness of metallic coating on one and two traces is also analyzed. It is found that the shielding effectiveness mainly depends on the properties of the shield material. Appropriate use of the metallic coating can effectively shield the radiation. 
